catalyzes the third step of the shikimate pathway, dehydration of 3-dehydroquinate to 3-dehydroshikimate (Figure 1 In this paper we report the amino acid sequence, dehydroshikimate and a rationally designed transition purification, crystallization, and the determination of a state analogue, 2,3-anhydro-quinic acid. These strucnumber of structures of the type II DHQase from Streptotures define the active site of the enzyme and the role myces coelicolor. These structures permit a detailed of key amino acid residues and provide snap shots of description of the active site, which includes the prethe catalytic cycle. The resolution of the flexible lid viously unobserved loop (residues 22-29) that closes domain (residues 21-31) shows that the invariant resiover the active site pocket and allow us to assign funcdues Arg23 and Tyr28 close over the active site cleft.
Introduction
The Enzyme Fold The type II DHQase from S. coelicolor is assembled The shikimate pathway is a central biosynthetic route from 12 identical monomers of 156 amino acid residues using erythrose 4-phosphate and phosphoenol pyruvate (molecular mass of 16,541 Da) to form a dodecamer. to produce chorismate, the precursor for the synthesis to as ␣3Ј and ␣3″. In addition to the ␣ helices, there are that the 20 C-terminal amino acids of type II DHQase contain three conserved glycines with the sequence Glyfour short stretches of 3 10 helix, labeled H1-H4. H1 is located between ␤ strand ␤1 and helix ␣1, and the other X-Gly-X-X-Gly and a number of hydrophobic residues similar to the NAD binding motif [17] . From the crystal three segments of 3 10 helix are found in a 23-amino acid sequence between ␤ strands ␤4 and ␤5.
structure, it can be seen that this region of the S. coelicolor type II DHQase adopts a structure similar The primary structures of type II DHQase are strongly conserved, with 17% of residues invariant and a further to the first part of an NAD binding motif, although this does not extend to the remainder of this region. NAD 47% conserved over the 19 sequences shown in bridge formed at each interface, and an equal distribu- ␣ helices and ␤ strands are represented as helices and arrows, respectively, and ␤ turns are marked TT. The first row under the aligned sequences highlights those amino acid residues buried at the dimer interface (cyan) and the trimer interface, surface 1 (green) and surface 2 (orange). Some amino acid residues are buried at both the dimer and trimer interfaces (magenta) or at both trimer interfaces (yellow). Key residues in the active site are marked with blue triangles; those responsible for catalysis are marked with red asterisks. The sequence alignment was created using ESPript [43] The six-membered ring of the substrate and product an ␣-helical structure. There is a significant hinged movement at residues Gly21 and Asp31, resulting in a lie on the floor of the active site, which is formed from the carboxy end of strand ␤3 and helix ␣3Ј (residues movement of over 5 Å between complexed and apo structures ( Figure 7A ). Further evidence for flexibility is 79-85). The residues at positions 81 and 82 are highly conserved as either alanine or glycine, due, in part, to provided by the main chain conformational changes at Arg23 and Gly29. This structurally characterizes the listeric restrictions in the case of residue 82, which is almost totally buried at the trimer interface close to the gand-induced conformational change proposed previously from proteolysis and chemical modification exAsp92*-Arg117 intrasubunit salt bridge. These residues form an extended conformation, with their planar pepperiments [17]. When closed, the lid domain forms a loop that extends over the carboxy edge of strands ␤3 tide bonds giving rise to a flat surface with which the ligands interact.
and ␤4 of the central sheet and interacts with helix ␣3 of a trimer-related subunit. In this orientation the side The unambiguous identification of the C4 and C5 hydroxyls was possible in the R23A mutant DHS structure chain of Tyr28 is positioned into the active site with the hydroxyl, forming an H bond to the guanidino group of due to the high resolution of the X-ray data. Averaged omit maps show clearly the pucker in the ring system, Arg113. The other invariant residue, Arg23, is not as well ordered in all structures but is not orientated toward the the C4 hydroxyl oriented down, and the C5 hydroxyl oriented up, as found in the 2,3-anhydro-quinic acid active site. In the complex with phosphate, Arg23 adopts an unusual conformation, packing against the ring of structure. The C4 and C5 hydroxyl groups are important for substrate recognition, with the C5 hydroxyl of both the tyrosine, while, in the apo structure and in the complex with 2,3-anhydro-quinic acid, it forms a salt bridge 2,3-anhydro-quinic acid and DHS interacting with NE2 of His 85 and NH1 of Arg117. Arg117 forms a salt bridge with Asp98 on the trimer-related subunit. with Asp92 from the neighboring subunit. This aspartate forms the major interaction with the C4 hydroxyl of the Enzyme Mechanism The first step of the proposed mechanism involves absubstrate through OD2. The carbonyl at C3 is only present in the mutant dehydroshikimate structure and forms straction of the pro-S proton from the C2 carbon of dehydroquinate. It has previously been suggested that a a hydrogen bond to a water molecule that is found in histidine (His106 in this structure) would have its basicity elevated as it forms a His-Glu pair with Glu104 and could act as the base toward the substrate [15]. The structure of the enzyme complexed with 2,3-anhydro-quinic acid unambiguously shows that His106 interacts with the C1 hydroxyl and does not have a role in proton abstraction.
Comparing the various structures of type II DHQase reported here, it is apparent that the only residue in the correct orientation for proton abstraction is the invariant residue Tyr28 (Figure 8) . The hydroxyl of free tyrosine has a pKa of 10.0 and therefore would be expected to be fully protonated at pH 7.0; therefore, the pKa of Tyr 28 must be significantly shifted by its environment in the enzyme. The proximity of Arg113 and, to a lesser extent, Arg23 would be expected to have a significant effect on the pKa of Tyr218, as has been shown in other proteins, such as human aldose reductase [26] .
Abstraction of the pro-S proton from C2 of the substrate would lead to a transition state with a double bond between C2 and C3 and the carbonyl at C3 presumably forming an enolate [14]. A basic residue would be needed to stabilize the enolate, but no residue is sufficiently close to perform this role. Analysis of all the structures reveals a conserved water molecule that is 2.8 Å away from the carbonyl of DHS and held in specific orientation by hydrogen bonds to an invariant residue, Asn16, the carbonyl of Pro15, and the main chain amide of Ala81. Whether or not the enolate obtains a solventderived proton to form an enol is debatable. On formation of an enol/enolate intermediate, the next step (removal of the hydroxyl at C1) is clearly brought about by His106 acting as the proton donor (Figure 8 ). The OD2 of Asn79 is a hydrogen bond acceptor for the C1 hydroxyl, thereby correctly orienting it to accept a proton. The role of the invariant Glu104 (data not shown) in the mechanism is unclear; from the structures, it can be seen that, in addition to hydrogen bonding to the imidazole of His106, the side chain of Glu104 hydrogen bonds to Ser120 and Ser123. It might be suggested, therefore, that Glu104 plays a structural role; however, in the product-bound form of the R23A mutant enzyme, Glu104 no longer forms a hydrogen bond with His106, resulting in the observed greater flexibility of this residue in the structure. It is possible that Glu104 has a role in the correct orientation of His106 for catalysis and must also move to permit the loss of water from the active site via a solvent-accessible cavity leading to the dimer interface ( Figure 7B) . phosphate, and (C) complexed with 2,3-anhydro-quinic acid (tartrate and glycerol labeled) and (D) the Arg23Ala mutant enzyme with dehydroshikimate (the carbon atoms numbered in magenta). In the 2,3-anhydro-quinic acid structure, glycerol and tartrate molecules present in the active site are shown (hydrogen bonds omitted for clarity). The glycerol is bound in a hydrophobic patch formed by residues Leu17, Leu20, and Tyr28 and forms hydrogen bonds to with the solvent at the pH (7.0) at which the experiments were carried out. lans and M. tuberculosis enzymes in the absence of structural data, it was concluded that the data were The final step in catalysis is the acid-catalyzed elimination of the C1 hydroxyl. It is clear from the crystal consistent with an enolate rather than an enol formed during catalysis. In the light of the structures presented structures of the enzyme complexed with 2,3-anhydroquinic acid and the R23A mutant complexed with DHS here, it is now possible to better interpret the kinetic data, particularly the large solvent isotope effect seen that His106 acts as the general acid, with Asn79 correctly positioning the C1 hydroxyl to accept a proton. for the A. nidulans enzyme, which suggested that two protons contribute to the kinetically significant transition On elimination, there is a conformational change in the product as the C1 becomes planar; however, there is states. Only one water molecule is present in the active site, and, for it to contribute to an isotope effect, an enol insufficient space at the active site for a water molecule This proposed mechanism and the structures rein Table 1 . Further processing was carried out using programs from the CCP4 package [33] . 
